The leakage of solutes from cotyledons of soybeans (cv. Chippewa 64) was markedly stimulated by a chilling treatment (1 to 4 C) during the 1st minute of imbibition, but chilling after even 1 minute of water uptake resulted in little or no leakage increase. The respiratory rate of soybean particles was reduced more than 60%7v if a chilling treatment (15 minutes at I to 4 C) was given during the first minutes of imbibition, and little or no reduction was obtained if the chilling treatment was begun at 5 to 15 minutes after the start of imbibition. Using KCN as an inhibitor of cytochrome oxidase pathway of respiration and salicylhydroxamic acid as an inhibitor of the alternative pathway, it was found that the chilling injury involved a major reduction in the cytochrome pathway in whole axes and cotyledons and an engagement of the alternative pathway of respiration in cotyledon tissue. The suggestion is made that the chilling injury involves lesions resulting from temperature stress during the reorganization of membranes with water entry, and that both the leakage and the respiratory effects are consequences of these membrane lesions.
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Chilling injury to seeds usually is most acute when low temperature is experienced during the first hour or even the first minutes of imbibition (4, 10, 13) . The first minutes of water entry into soybean seed tissue have been identified as the time when membrane reorganization takes place (8) , and the experience of temperatures below 10 or 12 C during this time results in increased leakiness (2) . Woodstock and Pollock (13) were able to correlate the depression of germinability with a depression of respiratory activity. The experiments reported here were undertaken to determine whether the deterioration of respiration is a consequence of the interference with membrane organization by low temperature.
MATERIALS AND METHODS
Leakage. Peeled cotyledons separated from soybeans (Glycine max [L.] Merr. cv. Chippewa 64) produced in 1975 by the Minnesota Seed Foundation were used in these experiments. Each sample consisted of 10 uniform sized cotyledons and weighed 0.6 g (+0.01 g). The cotyledons were added to 25 ml water at either room temperature (22-24 C) or ice bath temperature (1-4 C), and A280 was determined every minute using a Coleman spectrophotometer. The water was circulated around the cotyledons by a small stirring bar, but the cotyledons were suspended on wire mesh to avoid contact with the stirring bar. Transfer of cotyledons from one temperature treatment to another required less than 10 s. Leakage rates were taken as the slope of the A curve in the time period of 10 to 15 min after the start of imbibition except in the 10-min chilling treatment, in which linear leakage rates did not begin until 12-13 min after the start of imbibition.
Respiration. For respirometer experiments, whole soybeans were ground in a Waring coffee mill for 15 s to produce particles which were sieved to isolate the size class between 0.5 and 1.0 mm. One ml water at 1 C or 25 C was added to 0. 
where g(i) is the maximum contribution of the alternative pathway at a given concentration of SHAM, and p is a number between 0 and I which represents the fraction of the alternative pathway which is operating. When p = 1, then g(i) in the absence of SHAM will equal V,t, the maximal capacity of the alternative pathway.
RESULTS
Previous work from our laboratory has led us to suggest that ' Abbreviations: SHAM: salicylhydroxamic acid; N3-: azide.
the period of membrane reorganization during imbibition is a period of special susceptibility to cold stress (2) . By comparing respiration rates with measurements of the leakage of solutes from isolated cotyledons (8), we can determine whether the patterns of chilling injury to membrane semipermeability and to respiration activity show similar dynamic characteristics.
Effects of Chilling Stress on Solute Leakage. Using the increase in optical density of water in which chilled and unchilled cotyledons are bathed, we find ( Fig. 1) that after the first outrush of solutes a steady-state of about 0.01 A units/min is achieved during the linear period of leakage (7-15 min); this same rate is observed whether the cotyledons are unchilled or chilled for I min after 1 min of imbibition. However, if the chilling treatment is given during the 1st min of imbibition, the slope of the leakage curve yields a rate of 0.02 A units/min, which is almost double the leakage rate of unchilled controls.
A comparison of leakage rates during the linear phase for various times of chilling treatment after the onset of imbibition is shown in Figure 2A ; it can be seen that a 1-min chilling treatment at the onset of imbibition resulted in a leakage rate of nearly 0.02 A units/min, whereas the same chilling treatment applied at 1 to 10 min after the onset of imbibition had much lesser effects on the rate of leakage.
A comparison of leakage rates following chilling periods extending for various durations from the time of initial imbibition is shown in Figure 2B ; the greatest sensitivity to chilling injury was in the 1st min of imbibition, and chilling periods of 2-to 10-min duration did not increase the extent of leakage in a proportional manner.
Collectively, these experiments indicate that chilling cotyledons during the 1st min of imbibition resulted in greatly expanded leakage rates, and that chilling at later periods during imbibition was markedly less damaging in terms of leakage rates.
Effects of Chilling Stress on Respiration-Seed Particles. A comparison ofthe time ofonset ofchilling treatment on respiration is made in Figure 3A , where a 15-min chilling treatment was applied after various time periods of imbibition, and the responses to N3 and to N3 plus SHAM were compared using a differential respirometer. It can be seen that chilling treatments which began at 5 min after the start of imbibition or any other time period up to 30 min were essentially comparable to the unchilled control (0 min cold in Fig. 3B) , showing very strong inhibitions by N3 and only small further inhibitions with the concurrent application of SHAM. The time of initial water entry was a time of marked sensitivity to respiratory damage by the chilling treatment, and the reduced amount of respiration which occurred in that chilling treatment was entirely resistant to N3-, indicating that the Cyt oxidase pathway had been essentially eliminated.
A comparison of different durations of chilling stress treatment, all beginning at the start of imbibition, is shown in Figure 3B . In this case, the first 2 min of water imbibition were by far the most damaging to the respiratory rate, and further extension of the chilling period only slightly expanded the depressive effect on respiration. As in Figure 3A, Fig. 4D indicates that chilling damaged the Cyt pathway to such an extent that the alternative pathway is engaged. The value of p, the degree of engagement of the alternative pathway, was determined for eight sets of experiments, with a mean p value of 1.1 and a mean correlation coefficient of 0.96, indicating that in these cotyledons, the alternative pathway is fully engaged. While axis tissue shows a sharp decrease in V,yt with initial imbibitional chilling (Fig. 4B) , the alternative pathway is not engaged (p = 0).
DISCUSSION
The experiments reported here indicate that soybean seed tissues respond to chilling stress by preferential loss of respiration through the Cyt oxidase pathway (as evidenced by the loss of sensitivity to N3 in Fig. 3) , and that the damage is experienced when chilling occurs during the very first moments of imbibition of water. Assuming that the moment of water entry into the erstwhile dry cells is a time of membrane reorganization (8, 11) , we examined the leakage rates from cotyledons for evidence as to the dynamics of chilling injury to membrane structures; we found that membrane damage, too, was the greatest when chilling was applied during the time of first entry of water into the dry cells. From the similarities of the dynamics of the respiratory damage and the leakage effects, we suggest that chilling interference with membrane reorganization may be a causal factor in the respiratory deterioration.
Pollock and Toole (10) were probably the first to point out that the first minutes of water entry were especially sensitive in terms of chilling injury to seeds. They also noted that a low temperature exposure at this time brought about changes in the plant which persisted over a large part of the life cycle of the resulting plant.
Chilling injury is not restricted to the period of initial water entry; several workers with cotton seeds, e.g. have noted that a different sort of chilling injury can be observed following cold treatment after about 2 days of imbibition (3, 4) . Our data in Figure 2 similarly suggest that in addition to the damage during initial water entry, some damage occurs from chilling at later times.
The concept that the time of reorganization of membranes during water entry is a particularly chilling-sensitive time is consonant with the fact that seeds with moisture content elevated before imbibition show markedly lower chilling damage (7, 9) , assuming that a higher initial water content would lessen the extent of membrane reorganization during imbibition (2) .
The nature and the continuity of the chilling stress damage to seeds are illustrated by the work of Duke et al. (5) in which mitochondria isolated 2 days after chilling stress to soybean seeds showed markedly lower capability for metabolizing succinate, and Arrhenius plots of the respiratory activity indicated that a higher activation energy was needed for succinate metabolism in the mitochondria from chilled seeds.
In a previous report (6) we have shown that accelerated aging of soybean seeds causes a deterioration of respiration, that this deterioration involves a decay of the Cyt oxidase pathway, and that this decay can be associated with an engagement of the altemative pathway of respiration as measured by inhibitory responses to SHAM. Here, we show a similar type of damage following chilling injury, i.e. a deterioration of the Cyt pathway accompanied in cotyledons by an engagement of the alternative pathway of respiration. In each of these two stress situations, the soybean shows evidence of losses in the semipermeability of membranes associated with a decline in the respiratory component which is mediated by Cyt oxidase.
As discussed in our previous paper (6) , caution should be exercised in the interpretation of inhibitions of oxygen uptake by SHAM as indices of alternative respiratory activity. In that paper we presented two types of evidence supporting such an interpretation for the soybean seed response: first, neither the unaged axis nor the cotyledon tissues showed inhibitions of oxygen uptake by SHAM unless there was also present an inhibitor of the cytochrome pathway of respiration; and second, the expansion of respiratory activity with an uncoupler instituted a sensitivity to SHAM when there had been no sensitivity without the uncoupler. We suggest, then, that the SHAM inhibitions reported here can reasonably be interpreted as being inhibitions of respiratory oxygen uptake.
